sensors, 5 and chromatography, 6 where MIP materials offer attractive properties such as pre-determined selectivity, robustness and resistance to mechanical and chemical stress. Capillary electrochromatography (CEC) has, during the last decade, been exposed to much research since this technique shows great promise for analytical separation.
CEC is considered to combine the advantage of the high separation efficiency of capillary electrophoresis and the various retention mechanisms and selectivity offered by HPLC. One important aspect of CEC is column technology, which has been an active area of research. Monolithic columns can avoid the problems encountered in other column formats, i.e., packed column and open-tubular column. Thus, the use of monolithic column seems to be a new trend of CEC. 7, 8 The combination of pre-determined selectivity derived from MIPs and the miniaturized CEC format is attractive since fewer templates or monomers for the molecular imprinting will be consumed, which is especially valuable concerning those expensive chemicals. The utility of the MIP-based technology in CEC is still limited. There are three different MIP for CEC:
(1) the particle, including conventional MIP particles packed into a capillary with a retaining frit, [9] [10] [11] immobilized by a "trapping" medium to hold the particles in the column 12, 13 and partial filling techniques based on MIP micro-or nanoparticles; [14] [15] [16] (2) the coating, where MIP is synthesized as a thin film and attached to the capillary wall by covalent bonding; [17] [18] [19] ( 3) the monolith, including in situ photo-initiated polymerization process of monolithic superporous MIP sorbents [20] [21] [22] [23] [24] and the in situ therm-initiated polymerization process. 25, 26 The enantiomers of binaphthol are important C2-symmetrical compounds. Optically pure binaphthols have been extensively used as chiral auxiliary reagents for a variety of asymmetric reactions. 27, 28 Some methods for the chromatographic separation of enantiomers of binaphthol have been reported, including high-performance liquid chromatography [29] [30] [31] and capillary electrophoresis. [32] [33] [34] In this paper, we report a preparation and evaluation of a binaphthol imprinted monolithic capillary column. Such stationary phases could separate the enantiomers of binaphthol by the CEC mode. Several parameters of polymerization and CEC affecting enantiomer separation were investigated. 
Preparation of MIP capillary columns
A fused-silica capillary was flushed with 1 M NaOH followed by water for at least 30 min each. The capillary was then filled with a solution of 4 µl of MAPS in 1 mL of 6 mM acetic acid, and the solution was kept in the capillary for 1.5 h. The capillary was flushed with water and dried with a flow of nitrogen. A pre-polymerization mixture was prepared by mixing a functional monomer, a cross-linking monomer, a template molecule and a radical initiator (AIBN) in the porogens. The pre-polymerization mixture was sonicated for 10 min and introduced to the capillary. The ends of the capillary were sealed with soft plastic rubber. The capillary was submerged in a 60˚C water bath at different times for different columns. After polymerization, the capillary was flushed with acetonitrile and electrolyte using a handhold syringe to remove any unreacted reagents. A detection window was created at the end of the continuous polymer bed by burning out a 2 -3 mm segment of the polyimide outer coating.
Capillary electrochromatography
Electrochromatographic experiments were carried out on a Beckman P/ACE MDQ system (Beckman, Fullerton, CA, USA) equipped with a P/ACE system MDQ UV detector. An IBM personal computer with Beckman P/ACE system MDQ capillary electrophoresis software was used. The total length of the capillary was 31.2 cm and the effective length (MIP-based stationary phase) was 20 cm. The column temperature was kept at 25˚C provided by temperature-controller of Beckman P/ACE MDQ system. Samples were injected electrokinetically with 1 kV for 3 s. A pressure of 20 psi was applied to both vials during the separation. The electrolyte was a mixture of acetonitrile and different ratios of buffer with different pH. All of the buffer was made using double-distilled water and filtered with a 0.2 µm membrane. Separation was performed at a voltage of +5 kV (160 V/cm) or +10 kV (320 V/cm). The resolution (Rs) was calculated by
where tR is the retention time and W is the width at the baseline between tangents drawn to inflection points for the peak.
Results and Discussion

Effects of the parameters of polymerization on the column permeability
The good column permeability, i.e., the flow-through properties of a MIP capillary, is important for a MIP monolith. However, to lower the permeability, it was not possible to exchange the porogen for an electrolyte, and to evaluate the column further. To obtain a monolith with good flow-through properties, some parameters, such as the polymerization time, the molar ratio of MAA to the imprinted molecule, and the content of porogen, were studied.
Obviously, a longer polymerization time makes the polymer very dense, and hydrodynamic pumping is not possible. Reducing the polymerization time, however, reduces the number of imprints due to there being less material in the capillary, which in turn leads to poor separation abilities of the capillary column.
Careful optimization of the time of polymerization is required regarding both the column permeability and the separation. The column permeability was assessed using the maximum polymerization time permitted, i.e., the longest polymerization time, which permitted hydrodynamic pumping of the liquid through the capillary column. A longer maximum polymerization time permitted means more thorough polymerization can be realized. From the change in the maximum polymerization time permitted, we can recognize how various parameters affect the column permeability. Table 1 shows the effect of the molar ratio of the imprinted molecule to MAA on the column permeability. A higher or lower ratio produced bad column permeability. A lower ratio, i.e., BINOL/MAA = 1:22, produced fewer imprinted cavities, which contributed to the column permeability, and produced bad column flow-through properties. A higher ratio, i.e., BINOL/MAA = 1:4, rendered a higher local concentration of the functional monomer and accelerated the speed of polymerization. Thus, it is difficult to pump liquid through the capillary column, even if a short polymerization time adopted. column permeability. By increasing the ratio of isooctane to toluene from 0 to 20%, a better column permeability was obtained, and the maximum permitted polymerization time was prolonged from 16 to 20 h.
Preparation conditions affecting the performance of molecularly imprinted monolithic stationary phases
The structures of (R)-BINOL and (S)-BINOL are shown in Fig. 1 . BINOL is an astropisomeric compound, whose chirality is due to an asymmetrical plane, instead of an asymmetrical carbon center. As an initial model system for investigating the molecular imprinting of binaphthol, we selected a well-studied monomer, MAA as a functional monomer. Hydrogen bonds, dipole-dipole and hydrophobic interactions may contribute to imprinting. After polymerization, imprinted molecules can be removed by flushing the column with acetonitrile and/or acetonitrile-electrolyte. The procedure is summarized in Fig. 2 . The obtained polymer was presumed to have specific cavities formed by the imprinting molecule, which contained carboxylic groups that could interact selectively with the placed substrate.
The protocol of pre-polymerization is given in Table 3 . Adjusting the amount of imprinting molecule added to an otherwise constant pre-polymerization mixture varied the molar ratio of the imprinting molecule to MAA .
An increased molar ratio of the imprinting molecule to MAA resulted in increased enantiomer selectivity of the resultant MIP (see Fig. 3 ). The column containing MIP I (molar ratio of BINOL/MAA of 1:8, Rs = 1.8) showed a higher enantiomer selectivity than that containing MIP II (molar ratio of BINOL/MAA of 1:14, Rs = 1.4). This may be explained by MIP I containing a larger amount of MIP, and thus having a higher density of imprint sites.
The addition of an appropriate porogen was found to increase the enantiomer selectivity (see Fig. 4 ). The column containing MIP III (20% isooctane added in porogen, Rs = 1.7) showed a significantly higher enantiomer selectivity than that containing MIP II (no isooctane added in porogen, Rs = 1.4). Previous studies 35, 36 indicated that the morphology of MIP is altered when a different porogen is used. In this case, we assumed that the morphology of MIP is probably altered by a change in the porogens from toluene to toluene-isooctane, and that the resulting change in the size, shape and relative positions of the functional groups of the recognition sites might be responsible for the improved chiral resolution. However, different from MIP I and MIP II, MIP III must be rinsed under a forward pressure of 70 psi for at least 1 h after every analysis. Otherwise, this column can not separate the enantiomers of binaphthol at all. This might be the result of a change in the morphology of the polymer network, and some of the imprinted molecules could not be eluted under the CEC condition due to a weaker driving force derived from EOF and stayed in the imprinting cavity. Only stronger driving force, i.e., a pressure of 70 psi, can thoroughly elute imprinted molecules from the MIP column. As a result, the peak heights of (S) and (R)-BINOL in Fig. 4B are different.
In summary, the performances of a molecularly imprinted monolithic stationary phase under different conditions of polymerization are given in Table 4 . Considering the efficiency of the separation reflected in the resolution (Rs), MIP I is optimum.
Parameters of capillary electochromatography affecting enantiomer separation
The pH of the electrolyte is an important issue, since it alters both the charges in the analyte and the polymer, thus affecting the molecular recognition of the MIP and the electrophoretic mobility of the analytes, as well as the EOF. The influence of the pH of the buffer on enantiomer separation was studied, and it seems to be a trend that a high pH favored the separation of enantiomers. For example, MIP II showed no enantiomer 
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separation at pH 2.0, and can partly separate enantiomer of BINOL at pH 4.0 (Rs = 1.4). When the pH was 6.0, the baseline separation of the enantiomer of BINOL was obtained (Rs = 2.2) with long elution time and a broad peak. In the (R)-BINOLimprinted column, the carboxylic acid group on the polymer matrix had the estimated pKa value of 4.5. Because the pH value of the buffer increased, the selective sites derived from the carboxylic acid group became deprotonated, which resulted in an increase in the selective binding of MIP to the imprinted molecule, 37 because recognition is based predominantly on electrostatic interactions in this chromatographic condition. Considering the resolution and the time of enantiomer separation, pH 4.0 was adopted in most studies. The influence of the content of acetonitrile on the separation of the enantionmers of BINOL was also studied; the results are shown in Fig. 5 . The separation was favored by higher contents of acetonitrile. Hydrogen bonding is the most significant interaction governing molecular recognition at the imprinted site of the (R)-BINOL-imprinted monolith; also, the interactions of hydrogen bonding are strongest in hydrophobia environments. Therefore, the interactions between an MIP and an imprinted molecule will be greater in less-polar environments (higher contents of acetonitrile) than in morepolar environments (lower contents of acetonitrile). As a result, enantionmer separation can be improved by increasing the content of acetonitrile in the electrolyte. This result is in agreement with a previous report concerning a MIP monolithic column for CEC enantionmers separation. 21, 23 However, for an electrolyte composed of 90% acetonitrile, bubbles formed. In our experiments, the optimum amount of acetonitrile was 80%.
The addition of surfactants was found to be effective for achieving resolution of enantiomers, 24 which alone does not promote enantiomeric separation. In this study, with adding Tween 20 to the electrolyte, it was found that the Rs increased . We attributed this increase of the Rs value to different solvent properties of the different solvents. Imprinted polymers often exhibit different swelling properties in different solvents, 38 and the different degree of swelling in different solvents may considerably change the morphology of the polymer network, 36 as well as the size, shape and relative positions of the functional groups of the recognition sites, which are essential for recognition. In this case, adding a higher content of surfactant, Tween 20, in the electrolyte produced quite different solvent properties from the pre-polymerization mixture. The resulting change in the morphology of the polymer might be responsible for this increase of Rs. An electrochromatogram of a reference column of non-imprinted (R)-BINOL, which was prepared without any imprinted molecule in the same way as column (I), with Tween 20 added to the electrolyte, is shown in Fig. 6C . The enantiomers of BINOL could not be separated on the reference column. This result suggested that the origin of enantiomer separation is imprinting other than the addtion of Tween 20 in the electrolyte.
Conclusions
(R)-Binaphthol could be successfully imprinted into methacrylate-based polymers, which provided selective stationary phases for CEC by using a simple in situ polymerization procedure. The factors affecting the results of the MIP column preparation and enantionmer separation were studied. In this study, the optimum polymerization condition was the molar ratio of BINOL/MAA = 1:8. The optimum electrochromatographic condition for enantiomer separation was 80% acetonitrile, 20% acetate (pH 4.0). Enantiomer separation was improved by adding Tween 20 to the electrolyte. Further work concerning optimization of the column preparation procedure and electrochromatographic conditions is in progress.
